ABSTRACT The preferences of the West Indian sweet potato weevil, Euscepes postfasciatus (Fairmaire), to tubers of sweet potato, Ipomoea batatas (L.), for food and for oviposition were evaluated, and correlated to sweet potatoÕs resistance to immatures. Adults (parent) were released in a plastic box containing tubers of sweet potato cultivars and maintained for 5 d, after which the adults on each tuber were counted. All adults were then removed and each tuber was maintained separately. New adults that emerged from the tubers were counted. Cultivars were grouped by cluster analyses using the number of parent adults on the tubers and the number of new adults emerging from the tubers, adjusted for the weight of each tuber. Cultivars were divided into Þve groups: average level of preference, preferred, preferred for oviposition but not for food, preferred for food but not for oviposition, and not preferred. New adults from the Þrst two groups took less time to eclose than those from the other groups, and their body size was smaller. In a second experiment, one to Þve cultivars were selected from each group and inoculated each tuber with 10 weevil eggs on each cultivar. Although the proportion of eclosed adults was not signiÞcantly different between cultivars, the time to eclosion was shorter and body size was smaller on preferred cultivars. The selection of tubers by parent adults was not linearly related with larval development, and did not reduce the survival of the immatures.
age. Wanderley et al. found two resistant cultivars where both roots and stems were less damaged. Despite these previous works on sweet potato resistances, we have little knowledge of the substances that inßuence preference by adult weevils (Raman and Alleyne 1991) . In particular, few studies have been carried out on what inßuences sweet potato cultivars have on the selection by adults, and the subsequent larval performance in tuber. These studies would contribute to the understanding of how the damage by E. postfasciatus weevils to sweet potato could be reduced or avoided.
In areas where both species of weevils occur sympatrically, the damage to sweet potatoes should be evaluated separately for E. postfasciatus and Cylas formicarius (F.) or its other congeneric species. This is the case on the Nansei Islands, located in southern Japan, where sweet potatoes are seriously damaged by both species. In this region, the weevil population is highest from May to October, the summer season (Yasuda 1993 (Yasuda , 1997 . Their damage to the stems of sweet potato varies with the time of planting of the crop, becoming apparent 30 Ð 60 d after planting from April to September, but 90 Ð120 d after planting during the cooler months. The time lag between planting and the Þrst appearance of damage is related to the invasion of weevils and their population increase in the Þeld (Yasuda 1997) . Therefore, the resistance of sweet potato to weevils should be examined not only in terms of the adultsÕ preference for certain cultivars as food, but also their preference for certain cultivars for oviposition, which may relate to the suitability of the tuber for larval growth (Wiklund 1975) . Hence, even if adults prefer a given cultivar for food and oviposition, the pest cannot increase rapidly unless the quality of the tuber is also good for development of larvae. Despite reports of Þeld experiments on sweet potato resistance to weevils (e.g., Blank et al. 2001 , Silva and Ritschel 2001 , Franç a and Ritschel 2002 , Wanderley et al. 2004 , Bottega et al. 2010 , few studies have been carried out to elucidate both the preference of weevil adults for certain cultivars and the suitability of the preferred cultivar(s) for the development of juveniles.
We evaluated the resistance of sweet potato cultivars both to adults and juveniles of the West Indian sweet potato weevil, E. postfasciatus, which has been less studied than Cylas spp. We studied the preference of weevil adults for 33 cultivars of sweet potato for food and for oviposition, after which we selected 16 cultivars to evaluate egg hatch and larval growth in the tubers. We discuss possible mechanisms of resistance to the weevil, particularly evaluating the nutritional value of tuber.
Materials and Methods

Attractiveness of Tubers to Adults and Effect on
Performance of Juveniles. In experiment 1, three aspects of weevil preference for 33 sweet potato cultivars were evaluated in the laboratory: preference of weevil adults for food, preference of adults for oviposition, and effects on larval growth. The tubers used were produced in 2011 at Kyushu Okinawa Agricultural Research Center, either at Koshi or at Miyakonojo. Both sites are in Kyushu, Japan, where no sweet potato weevils are found, as the distribution of the two weevil genera is conÞned to the Nansei and Bonin Islands in Japan (Tobaru et al. 1999 , Sakaki et al. 2002 , Arakawa et al. 2006 . At the start of these experiments, all tubers were weevil-free after being examined signs of weevil infestation and weighed to the nearest 1 g. The characteristics of 33 cultivars in these experiments are summarized in Table 1 . One tuber of each cultivar was placed in a plastic box (400 mm in length, 300 mm in width, and 150 mm in height). A rectangle (150 by 100 mm) was cut out of the lid and replaced with a mesh of Ͻ1 mm for ventilation. Three boxes were set up in December 2011, and two in April 2012. In each box, 100 weevil adults were released and maintained at 25ЊC for 5 d. All weevils were produced at the Okinawa Plant Protection Center, and were within a few days after eclosion. These adults are hereafter referred to as parent adults. On the Þfth day after adult release, each tuber was gently transferred to another box, where the number of adults was counted.
After the removal of the parent adults, each tuber was separately placed in a plastic bag (340 by 240 mm), in which small holes had been bored using drawing pins. These tubers were held in incubators maintained at 25ЊC, and each bag was observed daily to determine whether new adults had eclosed. All new adults were immediately removed from the bag and preserved in 75% ethanol for later body length measurement. The growth period of these weevils was the number of days from the removal of the parent to the day of their adult collection. This involved an error of up to 5 d. The observations were continued until no new adults had been collected for 10 d from any tuber in each replicate. The body length of new adults was measured to the nearest 0.0475 mm under a binocular microscope at a magniÞcation of ϫ20.
Egg Inoculation and Larval Performance. In experiment 2, 16 cultivars were selected based on experiment 1 to examine the larval performance on these tubers. Tubers were produced as those in experiment 1, and none of them displayed any signs of weevil infestation. Two tubers of each cultivar were selected randomly, making two replicates. The eggs of this experiment were received on 19 April 2012 from the Plant Protection Center of Okinawa Prefecture, Japan, and had been laid Ͻ3 d earlier.
Ten eggs were randomly selected and inoculated on each tuber. Ten small holes, being Ͻ2 mm in depth and arranged in two by Þve, were made by round head drawing pins on the surface of each tuber by within a few hours after eggs arrived. Each egg was carefully placed into each hole with Þne forceps. After inoculation, each tuber was placed separately in a plastic bag as in experiment 1 and maintained in an incubator at 25ЊC until the end of the experiment. Each tuber was examined every day to determine if any new adults had eclosed. ObserAugust 2014 OKADA ET AL.: ADULT HOST PREFERENCE ATTENUATES LARVAL PERFORMANCEvations were discontinued when no new adults emerged from any tuber for 10 d, with 4 mo from start to Þnish. All new adults were immediately preserved in 75% ethanol for later body length measurement as in experiment 1. Statistical Analyses. All means in this study are followed by standard error of the mean (SEM), and results were considered statistically signiÞcant at P Ͻ 0.05. In experiment 1, Multivariate analysis of variance (MANOVA) was performed on standardized values of variables because of the difference in units. When signiÞcant differences were obtained, univariate analyses of variance (ANOVAs) were performed for each variable in which cultivars were compared with each other to detect a signiÞcant difference. To approximate the distribution of data to a normal distribution for parametric analyses, the weight of tubers was transformed using the natural logarithm, and the square root of the numbers of parent adults attracted to the tubers and those of new adults emerging from the tuber were used.
We hypothesized that parent adults would prefer different cultivars for food and for oviposition, and that the preference would be inßuenced by the weight of the tuber. To eliminate the inßuence of weight, the numbers of parent adults attracted to a tuber and new adults eclosed from the tuber were divided by the weight of the tuber, and these two variables were standardized in each replicate. We also calculated the means of the standardized variables for each cultivar and performed cluster analyses. The distances between cultivars were calculated by either Euclidean distance or city block, and four methods of analysis were applied to cultivars or classes: average linkage, complete linkage, centroid clustering, and WardÕs method. We combined distance measures and clustering methods to generate Յ10 clusters for each cultivar. The standardized values of the ratio of the new adult numbers to tuber weight were plotted against the ratio of parent adults to tuber weight for these clusters, and according to their aggregation, neighboring clusters were uniÞed to further reduce the cluster number. These Þnal clusters are referred to as groups. The times that elapsed between oviposition and eclosion of new adults and the body sizes of new adults were compared across groups.
For experiment 2, the ratio of new adults to the number of eggs inoculated on each tuber was compared between cultivars to evaluate success in the juvenileÕs growth. The growth period from oviposition (Iwahori and Sano 2003) .
to eclosion and the body length of new adults were compared by ANOVA between groups revealed by cluster analyses in experiment 1.
Results
Experiment 1. The weight of tubers ranged from 55 to 551 g, and the number of parent adults found on and those of new adults emerged from individual tubers were 0 Ð24 and 0 Ð 42, respectively (Table 2) . Although signiÞcant linear correlation with tuber weight was not found in either the parent adult number or the new adult number if cultivar was not taken into account, a signiÞcant correlation with the tuber weight was detected only in the parent adult number by nonparametric analysis (SpearmanÕs rank correlation coefÞcient r ϭ 0.485; P Ͻ 0.05).
Juveniles started to emerge from tubers 41 d after the release of their parents, and the last emergence was observed on the 79th day (Table 3 ). The largest new adult (body length 4.038 mm) was Ϸ1.4 times larger than the smallest (body length 2.850 mm). MANOVA applied to the standardized values of the time until eclosion and body length of new adults in each replicate revealed a signiÞcant difference in these variables between cultivars (F 3, 96 ϭ 4.98; P Ͻ 0.001). Both the time until eclosion and the body length were signiÞcantly different at P Ͻ 0.001 between cultivars, F 3, 821 ϭ 7.90 and F 3, 821 ϭ 2.50, respectively.
Cluster analyses with Euclidean distance applied on the standardized parent and new adult numbers provided similar grouping of cultivars, except for centroid clustering (Fig. 1) . Similar results were obtained with city block (Fig. 2) . Thus, the results of complete linkage with Euclidean distance and those of WardÕs method with city block were used for further analyses. The means of standardized new adult numbers of each cultivar were plotted against those of parent numbers (Fig. 3 ). Cultivars were grouped according to their closeness in each graph, giving Þve groups: group 1, for average level of preference (close or blank circles); group 2, for preferred (close or blank squares, and crosses in WardÕs method); group 3, for preferred for oviposition but not for food (stars); group 4, for preferred for food but not for oviposition (close or blank lozenge); and group 5, for not preferred (close or blank triangles).
The time to eclosion and body length of new adults were further compared between groups that were distinguished by two cluster analyses, complete linkage with Euclidean distance and WardÕs method with August 2014 OKADA ET AL.: ADULT HOST PREFERENCE ATTENUATES LARVAL PERFORMANCEcity block distance. Both comparisons gave similar results (Fig. 4) . MANOVA applied on standardized values of these two variables revealed signiÞcant differences between clusters, both by complete linkage (F 2, 8 ϭ 6.65; P Ͻ 0.001) and by WardÕs method (F 2, 8 ϭ 7.19; P Ͻ 0.001). Univariate ANOVAs showed signiÞcant differences in both time to eclosion and body length between groups by complete linkage (F 4, 849 ϭ 11.12, P Ͻ 0.001; and F 4, 849 ϭ 3.09, P ϭ 0.015, respectively). Analysis by WardÕs method also showed signiÞcant differences (F 4, 849 ϭ 11.78, P Ͻ 0.001; and F 4, 849 ϭ 3.21, P ϭ 0.013, respectively). The correlation between time to eclosion and body length was examined for each group in each clustering method that was distinguished by the two cluster analyses. SigniÞcant correlations were found in all groups except for group 5 in the complete linkage analysis with Euclidean distance (Table 4) . Similar results were obtained in the other analysis using WardÕs method with city block distance, except for group 4, in which the correlation was marginally signiÞcant. However, the correlation of body size with the period to eclosion was not apparent on the graph. Experiment 2. In total, 320 eggs were inoculated on tubers of 16 cultivars, and 146 new weevil adults (45.6%) were later collected (Table 5) . Although the number of new adults varied among cultivars, it was not signiÞcantly different between cultivars ( 2 ϭ 22.77; df ϭ 15; P ϭ 0.09). The eclosion period varied from 42 to 70 d, and body length of new adults ranged from 3.2 to 4.0 mm. MANOVA on the standardized values of time to eclosion and body length revealed a signiÞcant difference between cultivars (F 2, 30 ϭ 5.49; P Ͻ 0.001), and univariate ANOVA showed that both variables signiÞcantly differed between cultivars (F 15, 130 ϭ 8.64, P Ͻ 0.001 for time to eclosion; F 15, 130 ϭ 3.89, P Ͻ 0.001 for body length).
Dividing the tested cultivars into Þve groups, as in experiment 1, produced similar results (Fig. 5) : both time to eclosion was longer and body length was larger in groups 3Ð5. The time to eclosion of new adults from egg inoculation and their body sizes were standardized for each cultivar in each replicate. MANOVA applied to these variables, for the group, revealed a signiÞcant difference between groups (F 2, 8 ϭ 8.98; P Ͻ 0.001). Univariate ANOVAs revealed signiÞcant differences in both time to eclosion and body length: F 4, 141 ϭ 12.06, P Ͻ 0.001; and F 4, 141 ϭ 11.35, P Ͻ 0.001, respectively.
The numbers of new adults eclosed from tubers of each group in experiments 1 and 2 showed that the numbers were larger in groups 1 and 2 than in the Cultivar numbers correspond to those in Table 1. other groups in the Þrst experiment, but the difference was not noticeable in the second (Table 6 ).
Discussion
The Þrst experiment showed that weevil adults preferred different tubers for different uses. They selected some cultivars more for food and oviposition, avoided others for both purposes, and preferred some cultivars for one purpose but not the other. The results suggest two questions about the interaction of weevils with tubers of different cultivars and the distinction of their preferences for food and oviposition.
The Þrst question relates to the synergistic interactions of tubers. In experiment 1, 1 tuber of each cultivar was tested in each replicate; consequently, 33 tubers were packed in each box. The preference of the weevils for a given cultivar might have been inßuenced by other coexisting tubers in the box. It is known that host plant selection by herbivorous insects can be inßuenced by other coexisting plants through both visual and olfactory detection, as reviewed and summarized in Schoonhoven et al. (2005) and Walters (2011) . The preference of weevil adults for a tuber of a given cultivar could have been inßuenced by the neighboring tubers. For experiments on the preferences of insects, it has been recommended to examine two targets in a pair (Schoonhoven et al. 2005 ). However, it was imprac- tical to use pairs for this number of cultivars because 528 pairs for each replicate would have been in this study. Irrespective of the possible interaction among tubers, the frequencies of parent adults found on tubers of cultivars varied less over the replicates, indicating signiÞcant differences in preferences of adults for cultivars. This suggests that the preference of parent adults for a cultivar was not inßuenced by other cultivars nearby.
The second question is related to the sex of weevils and their reproductive behavior. If the weevils had all been females, the weevils found on tubers would have been attracted not only for food, but also for oviposition. Sex-dependent differences in Fig. 3 . The ratio of new adult number to tuber weight plotted against that of old adult number in each cultivar, separated into 9 clusters by complete linkage with Euclidean distance (left) and 10 clusters by WardÕs method with city block distance (right). Cultivars that were clustered in different groups by these methods are indicated by arrows. tuber selection is known in C. formicarius (Starr et al. 1991 , Korada et al. 2010 , and oviposition stimulants for that weevil have been identiÞed from tubers (Wilson et al. 1991) . In other words, gravidity in the female plays an important role in their preference for certain tubers. Therefore, a biased sex ratio would have distorted the results according to the disproportion of either sex. However, the numeral ratio of females to males in E. postfasciatus is around 0.5 in the population (Raman and Alleyne 1991) , and thus we could ignore the inßuence of sex here, although distinguishing between the two purposes of preference was still a problem.
In addition to oviposition preference shown by females, males could possibly have been inßuenced by female oviposition preference. Males attempting to mate could be attracted to tubers that attracted females for oviposition. Both positive and negative responses of the female to the male are known in this weevil (Sato and Kohama 2007) . Each weevil female usually lays one to several eggs a day, particularly when it is dark Alleyne 1991, Shimoji and Kohama 1994) . These conditions make it very difÞcult to distinguish between preferences for tubers for food and oviposition, although we can conclude that tubers that produced more adults were preferred for oviposition. In this context, we can logically determine or only assume that cultivars that attracted more parent adults, but produced fewer new adults, were favored for food, but not for oviposition. Tubers attracting fewer parent adults, but producing more new adults were unfavorable for food, but favorable for oviposition. Hence, cultivars of groups 1 and 2 here are ambiguous in terms of susceptibility. In contrast, cultivars that attracted fewer parent adults and produced fewer new adults were considered resistant (Campos et al. 2010) . Resistance of sweet potato cultivars is considered from this perspective in this study.
Cluster analyses of the number of parent adults on tubers, and new adults eclosing from tubers, provided similar results, irrespective of differences in distance between observations and methods of combining them. Despite the constancy of the relationship between these two numbers throughout the study, the plotting of the latter against the former did not show a simple increasing or decreasing relationship. This means there was discordance between these numbers (i.e., differences in preference for food and for oviposition in adults). Such discrepancy in the preference for food and oviposition is known between plant species and other insect species (e.g., Walsh 2003 , Lyytinen et al. 2007 , Oliveira et al. 2007 , Azerefegne and Solbrec 2010 , as well as between plants in one species (Nahrung and Allen 2003) . As only tubers were used to evaluate resistance in this study, characteristics in the tuber alone would have determined weevil preferences. Both secondary metabolic substances and nutritional quality of the tubers could have deeply inßuenced those differences. In Cylas spp., volatile or secondary metabolic substances are known to attract adults for food or oviposition (Starr et al. 1991 , Wilson et al. 1991 , and females are often more responding than males (Korada et al. 2010 ). The For the cluster analyses, either complete linkage with Euclidean distance or WardÕs method with city block was applied. Cultivar numbers correspond to those in Table 1. relevant substances affecting these preferences would probably be different in E. postfasciatus. Determination of substances for the weevilÕs preferences is complicated. The food or oviposition preference of parent adults does not always correspond to the juvenile performance shown by the emergence period and body size (Leather and Awmack 2002) . If parent adults preferred cultivars for oviposition because they were advantageous for offspring growth and survival, new adults would appear earlier and be larger than those of adults from other cultivars selected by fewer parent adults. Such a relationship between adult preference and immature performance was not found in this study, although this relationship is seen in other insects, e.g., leaf miners (Gratton and Welter 1998) . In both groups 1 and 2, the eclosing period was signiÞcantly shorter, matching our expectation, but body size was smaller in the susceptible groups. Both eclosing period and body size were not signiÞcantly different from other groups. Therefore, these groups were recategorized as "susceptible." In contrast, the emergence period of adults was spread over time and their body size was smaller in groups 3 and 4, and these two variables were similar between these groups. Oddly, group 5, which was ranked as being resistant to weevils, showed somewhat intermediate values for the emergence period and body size.
Results in experiment 2 also suggest the complicated relation of the adultÕs preference for tubers with larval performance, revealing no signiÞcant differences in the number of adults from eggs among the groups. This suggests that if the immature performance is evaluated by the number of adults to eggs, there was no difference among the different groups. This does not necessarily mean that the juvenile survival was not inßuenced by differences between groups. For example, if high mortality early was compensated by higher survival later, apparent survival would be obscured between cultivars. If eggs were counted on the tuber, and development could be observed directly in each tuber, the difference would be evident. However, these types of observations would be impossible, as females lay eggs beneath the surface of the tuber and plug the oviposition hole with their dung Alleyne 1991, Shimoji and Kohama 1994) . In addition, it is often difÞcult to distinguish oviposition scars from scars created by other causes. Furthermore, larvae live in the tissues of tubers after hatching and never appear on the surface until eclosion. This cryptic behavior makes it difÞcult or impossible to evaluate the growth success of the juveniles. ArtiÞcial diet of powdered tubers made from different cultivars (Nakamura et al. 2011) would facilitate direct observation of the inßuence of the cultivar on the growth of juveniles.
Various secondary substances are likely to affect the preferences of E. postfasciatus, as for C. formicarius (Son et al. 1990, Wang and Kays 2002) . In addition, the results of this study may be partly explained by nutrition. Nutrition-poor conditions are known to exist in susceptible plants (Schoonhoven et al. 2005) . If this was also the case here, the smaller body size of new adults from groups 1 and 2 could be explained. However, if resistant cultivars contained more antigrowth substances but were more nutritious, the growth of juveniles would be retarded, but their size would be larger owing to the nutrition-rich conditions. This hypothesis seems to be worth considering, but this is still no explanation of why larval performance in cultivars of group 5, deÞned as resistant, was intermediate between the susceptible groups 1 and 2 and resistant groups 3 and 4. The similarity in the larval performance between groups 1 and 2 (susceptible) and group 5 indicates that careful evaluation would be needed when resistant cultivars are used for Þeld. Despite the uncertainty about the functional substances in cultivars, these resistant traits may be incorporated into a breeding program for sweet potatoes.
